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Carbon nanotubes (CNTs) [1, 2] have dimensions similar to those of typical polymeric 
chains, with 1-50nm in diameter and 1-10µm in length. Experimental results on individual carbon 
nanotubes and nanotube bundles show that they have exceptional electrical and mechanical 
properties with an elastic modulus of ~1TPa and fracture strain of 5-10%. [3] The thermal 
conductivity of the nanotubes is expected to be higher than that of the carbon fibers because of their 
structural perfection. As a result there are considerable interests in utilization of CNTs as fillers for 
thermal management and structural reinforcement. Although there have been several published 
studies on polymer-CNT composites [4-9], realization of the expected enhancement in properties, 
especially mechanical properties, has by and large not been demonstrated. This is in part because of 
the difficulties in materials processing arising from insolubility of the pristine CNTs.  
Recent studies have shown that CNTs can be chemically functionalized such that they are 
soluble in selected solvents. [10, 11]  Mickelson et al. reported that fluorinated SWNTs (F-SWNTs) 
were dissolved in 2-propanol at a concentration of 1 mg/mL at room temperature. [12] The 
nanotubes appear to be intact and are electrically insulating after fluorination. The enhanced 
solubility and potential of tailoring the interfacial bonding between the nanotubes and the matrix by 
modifying the side-groups make functionalized CNTs attractive fillers for composites.  Here we 
report results from initial studies of composites of F-SWNTs and a semi-crystalline thermoplastic 
polymer, poly-(ethylene oxide) (PEO).  Electron microscopy and thermal analysis showed that they 
have improved uniformity and nanotube dispersion compared with those by pristine SWNTs. 
Significant enhancement of the mechanical properties was obtained. The storage modulus (E’) and 
yield strength increased monotonically with increasing F-SWNT loading. At 4wt% loading, the 
room temperature E’ is 400% of that of the control sample.  Further analysis indicates strong 
interfacial bonding between the F-SWNTs and the PEO matrix.  
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Single-walled nanotube bundles (SWNTs) [13] were synthesized by the laser ablation 
method under conditions described elsewhere. [14] The raw materials were purified to remove the 
impurity phases such as amorphous carbon and graphitic nanoparticles by reflux in H2O2 followed 
by filtration. [15] Transmission electron microscopy (TEM) and x-ray diffraction studies show that 
the samples contain over 90% SWNT bundles with the average bundle diameter of 30-50nm, tube 
diameter of 1.4nm and bundle length of 5-10µm. For the fluorination reaction, 10-15mg purified 
SWNTs were dispersed in dimethylformamide (DMF) by sonication. Filtering the solution through 
a Nylon filter membrane (Milipore, pore size 0.45µm) resulted in a black film on the surface. The 
film was then peeled off and baked in air at 100°C for several hours. It was fluorinated following 
the procedure described in Ref. [10]  First it was transferred into a Monel reactor and heated to 
260°C in flowing Argon. The gas was then switched to a mixture of fluorine gas (20%) and 
nitrogen (80%) for 10 hours at constant total flow rate of 30 sccm.  
PEO (consists of repeating –O-CH2-CH2 units) powder with a molecular weight of 
30,000g/mol was purchased from Aldrich and used without further processing. PEO/SWNT 
composite membranes with F-SWNT loading of 1, 4, 6, and 10wt% and control samples (pure 
PEO) were prepared under the same conditions by roll-cast [16]. The roll-cast system comprises 
two opposing parallel rollers made of Teflon and stainless steel, respectively, and an electrical 
motor. The gap distance between the Teflon and the passive stainless steel roller which is placed on 
a translational stage can be adjusted using a micrometer to obtaine the desired film thickness.  F-
SWNT was first suspended in isopropanol by sonication and was then mixed with a clear 
PEO/methanol solution. They were dropped slowly onto the Teflon roller using a pipette while it’s 
rotating.  A solid film formed after evaporation of the solvent. The film was peeled off, folded and 
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cut to 0.2x1x7mm samples for mechanical test.  The samples are considerably more uniform than 
those formed using pristine CNTs.  
To examine the dispersion of the nanotubes, samples were microtomed into membranes 
~90nm in thickness and were studied by TEM. Within the limited view of high resolution TEM, no 
conglomeration of the F-SWNTs was observed. The nanotube bundles did not show any preferred 
orientation in the polymer matrix. Differential scanning calorimetry (DSC) measurements were 
performed using a Perkin-Elmer Pyris 1 DSC system. The results obtained in the first heating cycle 
are shown in Figure 2. For the control sample, an endothermic peak centered at 72.0oC was 
observed upon heating. This is attributed to melting of the crystalline phase of the semi-crystalline 
PEO. The measured latent heat which reflects the amount of crystalline phase in the sample is 
135.3J/g (normalized by the total weight of the semi-crystalline sample). Both the melting 
temperature and the latent heat are consistent with the values reported in the literature. [17]  For 
composites with F-SWNT loading ≤6wt%, a single endothermic peak was observed with a slightly 
lower melting temperature of 66-65oC.  The sample with 10wt% of F-SWNT showed two 
endothermic peaks centered at 72.3oC, the melting temperature of pure crystalline PEO phase, and 
65oC, respectively. These results indicate that single-phase F-SWNT/PEO blend was formed at 
≤6wt% F-SWNT loading, while phase separation (into regions of pure PEO and regions of PEO/F-
SWNT) occurred at higher F-SWNT loading due to conglomeration of F-SWNTs.  No significant 
change in the crystallinity of the PEO matrix was observed. The measured latent heats are 135.3J/g, 
118.7J.g and 146.6J/g for the control sample (pure PEO), and PEO blended with 1 and 4wt% of F-
SWNTs, respectively.  
The mechanical properties were investigated using a dynamic mechanical analyzer (Perkin-
Elmer DMA7e) system using either the oscillatory mode (1Hz) or the tensile stress-strain mode in 
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the temperature range of -150oC to 60oC. For dynamic measurement, an oscillating sinusoidal force 
with a frequency of 1Hz and amplitude of 60mN was applied to the sample. By analysis of the 
corresponding strain, the storage modulus (E’) and loss modulus (E”) were obtained. In the tensile 
test, the load was increased at a rate of 100mN/min. For each F-SWNT concentration, several 
samples were measured under the same conditions. Figure 3 shows the storage modules of one set 
of samples obtained in the first cooling and heating cycle. The room temperature E’s from all the 
samples measured are plotted in Figure 3 inset as E’ versus wt% of F-SWNT loading. The storage 
moduli of the composites are significantly higher than that of the pure PEO in the entire 
temperature range of the experiment, and increased monotonically with increasing F-SWNT 
loading. As shown in Figure 3 inset, the averaged 300K E’ (over several samples with the same F-
SWNT concentration) increased from 0.3GPa for pure PEO to 1.2GPa for PEO blended with 4wt% 
of F-SWNT.  In contrast, when pristine carbon nanotubes were used without fluorination, no 
systematic enhancement of the mechanical properties was observed at the same nanotube loading 
level.  
Figure 4 shows the tensile stress-strain curves of a composite with 1wt% of F-SWNT and a 
control sample, measured at a rate of 100mN/min. The sample with 1wt% of F-SWNT has a 
significantly higher (~3x) yield strength compared to that of the control sample. The elastic 
modulus, obtained from fitting the initial slope of the stress-strain curve, is 5.95x107 Pa for the 
control sample and 1.47x108Pa for the PEO reinforced with 1wt% of F-SWNTs. The mechanical 
properties of the composites were measured in two orthogonal directions (parallel and 
perpendicular to the direction of the roller motion) were measured using samples from the same 
batch. No noticeable anisotropy was observed.  
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The above results show that adding a small amount of F-SWNTs drastically enhances the 
mechanical properties of the polymer matrix.  These are in contrast to the previous studies of 
composites formed using pristine nanotubes where the change in the elastic properties are, in 
general, insignificant even at very high nanotube loading. Two recent studies reported moderate 
increase in the storage modulus in polymer composites blended with multi-wall carbon nanotubes 
(MWNTs). The room temperature E’ was found to increase by ~60% (from ~6GPa to 10GPa) when 
50wt% of MWNTs was added to poly(vinyl alcohol) (PVOH) matrix by solution cast. [20]  A 
separate study reported a factor of ~2 increase in the storage modulus when 26wt% of MWNTs was 
added to poly(methyl methacrylate) (PMMA) [21] (both studies reported larger changes of E’ 
above room temperature).   
The large increase of the elastic modulus at low nanotube loading suggests effective load 
transfer from the matrix to the F-SWNTs in the current system. The results were analyzed using the 
equation developed for short-fiber composites [22, 23]: 
E = ClCθVfEf + (1-Vf)Em 
where E, Ef, Em are the moduli of the composite, fiber, and polymer matrix,  and Cl and Cθ are  
coefficients related to the fiber length and orientation, respectively. For three-dimensionally 
randomly oriented fibers, as in the case of the F-SWNTs in PEO, Cθ is about 0.2 [23, 24].  Using 
the average elastic modulus of 0.3GPa measured for the control sample at room temperature as the 
value for Em, and assuming unity for Cl, the elastic modulus of the F-SWNT bundle is calculated to 
be ~0.1TPa. The value is higher when a lower number is used for Cl. This is surprisingly close to 
the reported value of 1TPa calculated [25] and the upper value derived experimentally [3] for an 
isolated CNT, especially when considering that defects were not taking into accounts in the 
calculation. In addition, SWNT bundles with weak van der Waals inter-tube bonding were used in 
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the current experiments, rather than isolated SWNTs. The close agreement between elastic modulus 
calculated from the equation derived for short-fiber composites and the value measured from an 
isolated nanotube and nanotube bundles [26] indicates that there is an efficient load transfer 
between the F-SWNTs and PEO matrix.  In comparison, in the PVOH/CNT system, the calculated 
elastic modulus of the CNTs is only 150MPa [20]. The lower value was attributed to the weak 
interfacial coupling. In addition the results reported here show that side-wall fluorination does not 
significantly reduce the mechanical performances of the carbon nanotubes. At this point, it is not 
clear whether the enhanced load transfer, compared to composites using pristine CNTs, is due to 
chemical bonding between the fluorine and PEO or/and due to improved dispersion of the F-
SWNTs in the polymer matrix and consequently increased entanglement between nanotubes and 
the polymeric chains.  
In summary, we show that composites with improved uniformity and dispersion can be 
formed using chemically functionalized carbon nanotubes.  A significant enhancement of the 
mechanical properties was obtained at low nanotube loading. In contrary to previous results from 
pristine nanotubes, the composites show efficient load transfer between the fillers and matrix.  
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Figure Caption:  
Figure 1: Transmission electron microscope image of purified SWNT bundles before fluorination. 
The nanotubes were fabricated by the laser ablation method and were purified by reflux in peroxide 
solution followed by filtration.  The bundles are 30-50nm in diameter and are ~10µm long.   
 
Figure 2:  Differential scanning calorimetry (DSC) data of pure PEO and PEO/F-SWNT 
composites. The endothermic peak on the heating curve is attributed to melting of the crystalline 
phase of the PEO matrix. The melting temperature is 72oC for the control sample with a latent heat 
is 135.3J/g. The temperature is reduced to of ~65oC for the composites. The re-appearance of a 
second endothermic peak at ~72oC in the 10wt% F-SWNT composite indicates macroscopic phase 
separation into regions of pure PEO and regions of PEO/F-SWNTs.  
 
Figure 3:  The storage modules, E’, of the F-SWNT composites measured using a dynamics 
mechanical analyzer at 1Hz.  The inset shows the room temperature E’ values versus wt% of F-
SWNT loading from all the samples measured under the same conditions. The averaged 20oC E’ 
(over several samples with the same F-SWNT concentration) increased from 0.3GPa for pure PEO 
to 1.2GPa for PEO blended with 4wt% of F-SWNT.   
 
Figure 4: The engineering tensile stress-strain curves measured at a rate of 100m N/min. The 
sample with 1wt% of F-SWNT has ~3x higher yield strength compared to that of the pure PEO. 
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